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ABSTRACT 

This report describes measurements of the changes 

In amplitude of regular head and Toll owing waves as they 

passed along the length of a ship model for model speeds 

zero, Froude number 0.1, and Froude number O.j. 

In head seas the height oi'  the Incident wave 

diminished by some SO'/.' to ;I0$ as Lt passed along the length 

of the fully restrained model from bow to stern.  In follow- 

ing seas the wave diminished by some 50^, from stern to bow 

when the ship speed was less than the wave group velocity, 

and from bow to stern when the ship speed was greater than 

the wave group velocity. 

These experimental results are generally in fair 

agreement with Grim's theoretical predictions. However, at 

forward speeds in head seas, there are local variations of 

wave height near the bow which are not predicted by the 

theory. 
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INTHODUCTION 

Thanks lo recent work of Grim, Tasai, Porter, and 

others, considerable progress has been made In the theoretical 

calculation of hydrodynamlc forces on two-dimensional forms 

which are exposed to waves or are oscillating in calm water1. 

Moreover, experimental confirmation of some of these results 

has been obtained. 

The problem presented by a ship in longitudinal 

waves involves two additional complications: the effects of 

the three-dimensional form and the effects of the forward 

speed of the ship. In i960 Grim published a paper1 showing 

how the three-dimensional effect might be calculated for a 

ship at zero speed. In a more recent paper2 he has discussed 

the physical behavior of the wave system which underlies this 

mathematical treatment, and has taken the first step toward 

extending the work to the case of a ship with forward speed. 

The essential feature of this latter paper Is a 

discussion of the way In which the height of the incident 

wave Is diminished during Its passage along the ship. 

Numerical results are given, both for the stationary ship 

and for the ship with forward speeds. The experiments In 

head and following seas, described In the present report, 

were Intended to verify this calculated variation of the wave 

height as the wave travels along the ship. 

This study was sponsored by the Bureau of Ships 

Fundamental Hydromechanics Research Program and technically 

administered by the David Taylor Model Basin under Contract 

Nonr 263 (54), Research Program S-R009-01-01 (DL Project 

2698/058) . 
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AITAHATU;; AMD TECT PKOCEDUKH 

Model 

A v/ooden model ( DL Model 2698) was constructed of 

the form given In Qrim's 19^0 paper,1 for which Corm theo- 

retlcal results are available. The form waa defined by Grim 

as follows:- 

lenirth/Max  Beam - o.-'i Max Beam/Draft =2.8 

Section Coefficient = 0.9 (Same for all sections) 

Station   I 3 5 7  9M  13 15 17 19 

Section Bcam/Hax Beam   .33 .]   ,9 .99 1.0 1.0 .99 .9 .7 .33 

Offsets were computed on the IBM 1620 for the 

appropriate Lewis form section:;, and the body plan is shown 

in Fig. 1. The model had the following dimenoions:- 

Length 60 in. 

Beam 9.38 in. 

Draft 3.33 in. 

Freeboard     Jl.0 In. 

The sides were vertical above the water line. 

Test Arrangement 

A photograph of the test setup appears as Fig. 2. 

The tests were carried out In Davidson Laboratory 

Tank No. 2,  which Is 73 ft square. The movable bridge 

carrying the rail and carriage was set up with the direction 

of motion of the carriage parallel to that of the waves. 

Thus tests In head and following seas could be undertaken. 

As the model was 20 ft from the nearest side-wall of the 

tank, effects due to reflection of waves generated by the 

model from the side of the tank were minimized. 
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The model was rigidly attached to the carriage by 

a strut. The carriage also carried a number ol'  wave probes, 

disposed In a line parallel to the fore-and-aft axis of the 

model. One wave probe was located amidships, 1 In. (later 

increased to 2  in.) from the side of the model. Other wave 

probes were abreast the quarter points, abreast the bow and 

stern, 2 ft ahead of the bow, and, in some runs, 2 ft abaft 

the stern. The heights indicated by the several wave probes 

were recorded simultaneously on a multichannel Sanborn re- 

cording system. 

V/ave Measurement 

The fore-and-aft locations of the wave probes are 

shown in the plan in Fig. 'i. Gome changes of position were 

made in the course of the trial, to minimize interference of 

the ship-wave system with measurement of the Incident waves. 

The requirement for wave measurement at several 

points near the model raised certain problems.  In the first 

place, the wave probes of the resistance type normally used 

at this laboratory interfere with each other's readings when 

less than some 2 ft apart. A special wave probe was there- 

fore designed, in which two vertical stainless-steel wires 

.01 in. in diameter penetrating the water surface are 

supported l/2 in. apart. The electrical resistance of the 

water between these wires was measured by an A.C. bridge 

system. This arrangement gave deflections of the Sanborn 

recording galvanometers linearly proportional to wave height, 

and the probes showed no Interaction when only 6 in. apart. 

The wave probes can be seen In Pig. 2, and details of the 

bridge circuit are given In Fig. 3« 

Another problem arising from the use of several 

wave probes was that the supports for the wave probes might 

make a wake which would lead to incorrect measurement of the 
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waves by wave probes fartlier an. For thlo reason the wave- 

probe supports were made as small as possible, and, in fact, 

each consisted ol" two curved stainless-steel wires .06 in. 

in diameter, which may be seen In Fig, 2, 

Since it was essential in this project that the 

wave-probe calibrations be reliable, special calibrating 

arrangements were provided. All the wave probes were mounted 

on an aluminum T-bar, which was suspended from the main 

carriage in such a way that Lt could be raised and lowered by 

the rota' ion of screwed rods near each end. These rods were 

rotated by a reversible D.C. motor, through a horizontal 

shaft and bevel gears. A .''elsyn driven from the shaft drove 

another Selsyn ashore,the latter coupled to a counter which 

indicated the vertical movement, of the wave probes to better 

than .01 in. This calibrating system proved extremely con- 

venient and the wave-probe calibrations were usually taken 

between each run and the next. 

In practice, the calibrations were found to be quite 

stable and showed no tendency to drift once the electronic 

system had thoroughly warmed up.  Repeat calibrations showed 

a scatter of about ± 2%,   which corresponded to about ± 1/2 mm 

on the record and could be largely due to reading errors. 

A recent investigation at Massachusetts Institute 

of Technology has shown that wave probes of the type used in 

the present work can be expected not to Introduce errors 

greater than 1%  to 2%  In the measurement of the waves which 

affect them. However, it appears from the scatter of results 

observed in some of the present experiments that the wave 

height at a given locality may vary by as much as 10^ between 

one run and another in nominally similar conditions.  In 

general, the trend of the present results is believed to be 

correct within a few percent, except in cases where much 

scatter is shown. 
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The test results are shown In Figs. 'J-IO. An ex- 

planation of these figures is given below the presentation 

of Fig. 'la. 

1 

Test Conditions 

The series of tests covered the following 

conditions: 

Wave Length/Ship Length   .'{'j,   1.0, l.'-j,  2.0 

Wave Height/Ship Length   l/'lO 

Speeds   Zero 
F = 0.1 and F = 0.'3 

in head and 
Following Ceas 

HE:;ULT: 

In all cases the ordinate plotted represents the 

observed wave double amplitude divided by the height of the 

undisturbed incident wave. Since the wave probes moved with 

the model, the wave system due to the speed of the model 

caused a constant displacement of the wave record, which was 

disregarded. 

It was found that at zero speed, and in head seas 

at F = 0.1 (l.23 ft/sec), the wave height at the wave probe 

2 ft ahead of the model sometimes showed considerable dlf- 

ferences from the nominal wave height. Thus it was apparent 

that at these speeds the wave height at this point was In- 

fluenced by the model. Therefore, the wave height observed 

ahead of the model at the highest speed, F = 0.3 (3.85 ft/sec), 

Iwas taken as the height of the undisturbed wave for all runs 

at a given wave-maker setting. 

Iln following seas at both speeds (P = 0.1 and 

F = 0.3) all the wave probes were more or less affected by 
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the presence or the model, and runa ai F ~ o. • al the aajne 

wave-maker üetting but In Lhe head-uea direction were uaed 

to determine the undiaturbed wave height. 

For comparlaon wltli the experimental reaulta, 

theoretical curves calculated by the methods given by Grim 

are plotted In those cases for which the necessary computa- 

tiona have been performed. Two theoretical curves are shown, 

when lhe computed values are avallable. 

The curve marked II., represents the three-dimensional 

efl'ectj Liiat Ls, the deformation ol' Lhe Incoming wave I.n a 

longitudinal direction. Grim denotes !(., as the effective 

wave; it shows the effect of adjacent; sections of the ship 

on the wave height, at a given section. 

In addition to this longitudinal deformation, a 

deformation in a transverse direction also takes place, since 

the wave height at a given section is influenced by the 

presence of that section of the ship. To a first approxi- 

mation, this effect is the same as in a two-dimensional case. 

It is taken into account in ship-motion computations using a 

strip theory such as that of Korvln-Kroukovsky.3 

The two effects, longitudinal and transverse de- 

formations, are combined in the curves marked E23S   and it Is 

these curves which are directly comparable with the experi- 

mental results, since the latter also Include both longi- 

tudinal and transverse deformations. 

The curves H3 and E23  (plotted In Figs. 5-10) have 

been derived from various sources: 

For zero speed, H3 Is taken from Ref. 1. The trans- 

verse deformation H2 was calculated by the two-dimen- 

sional theory outlined by Grim In Ref. 1. E23  is the 

product of H2 and H3. 
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For the head-sea caaea, II.( wao computed using a pro- 

gram written by Dr. Grim. The transverse derormatlon 

was again computed by Grim's two-dimensional theory 

and was combined with II.,, with due regard for phases. 

For the following-sea cases, !!,, was obtained from 

Ref. 2. Unfortunately, It, hau not been possible lo 

compute the combined effect 11.,., for these cases. 

It may be noted that In Hef, ','.  Grim describes the 

results there given as a first rough quantitative approxima- 

tion. It is understood that Dr. Grim is at present working 

on another and, it Is hoped, better approximation for the 

three-dimensional body. 

DISCUSSION OF RESULTS 

At zero speed the height of the wave decreased 

fairly steadily as it passed along the ship, and the measured 

wave deformation was generally in good agreement with the 

theoretical values given by Grim. There appeared to be a 

tendency for the wave heights near the stern of the model to 

be somewhat greater than predicted. This is hardly more than 

could be accounted for by experimental scatter, except for 

X/L = .75. 

For the cases where the model is moving, theoretical 

results are, unfortunately, available only for X/L = 1. 

In head seas, at the lower speed F = 0.1, the de- 

crease of wave height over the middle half of the model 

length Is In good agreement with theory. Near the bow there 

Is a considerable Increase of wave height above the level of 

the Incident wave, which Is not predicted by theory. This is 

further discussed below. 
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At the higher speed F = 0.j, theory Indicates an 

increaoe ol' wave height over almost the v/hole length of the 

ship. The Tonn ol" the theoretical curve Is not In agreement 

with experiment, which showed a considerably Increased wave 

height near the bow, falling abruptly to rather less than the 

height ol' the Incident wave at and abaft amidships. 

At both speeds, rapid variations of height appeared 

to occur as the wave passed the forward part of the ship. At 

the higher speed a crest of broken water was thrown off from 

the bow and moved fore and aft with the period of the In- 

cident wave. When It reached the wave probe at the same time 

as the crest of the Incident wave. It seemed from visual ob- 

servation that the wave height might be considerably over- 

estimated. The wave probe originally at station 1 was there- 

fore moved forward 3 in. to abreast the stem. 

The presence of broken water at the wave probe was 

indicated by noise on the record, and subsequent examination 

showed that before moving the wave probe there was broken 

water at the wave probe at both crest and trough for F = 0.3^ 

X/L = 2. Moving the probe forward and out of the broken 

water increased the apparent wave height by some 20%. Later 

the line of wave probes was moved 1 in. farther from the 

center line of the model. The combined forward and lateral 

movement of the wave probe at the bow led to a 20% reduction 

In apparent wave height for F = 0.1, X/L = 1, and a 10% re- 

duction for P = O.BJ X/L = 1. 

Thus It appeared that abreast the bow there may be 

abrupt changes in the apparent wave height, since changes of 

10% to 20% were observed consequent upon moving the wave 

probe 3 In. Such changes could be due to model-generated 

waves of short wavelength oscillating fore and aft with the 

period of the incident wave. (The photograph In Fig. 2b 

shows various irregularities of the wave system.)  Further, 
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It lü poüalblü thai iionllnour InlfracHon betw«,'en Lhu ;jl).lp 

wave and Incident wave may account Tor variation;- In the 

apparent ainplltudo or the latter. 

At F - 0.1, a maximuin value of wave amplitude wao 

observed abreast the bow, except for x/l,  j/^» when there 

was a minimum abreast the bow and a maximum at l/'i 1, abaft 

the bow. At F = o.j, all wavelengths showed a maximum wave 

amplitude l/'i I, abaft the bow. However, In the light of the 

large effects resulting from small movements of the bow 

wave-probe, there Is some question whether the values 

measured within l/'i I, abaft the bow might not; have been 

changed very considerably by small movements of the wave 

probes. The values measured In this region must be viewed 

with some suspicion. To clarify this question, it would be 

desirable to perform further experiments, with different 

wave-probe locations.  It would also be most desirable to 

take movies, in order to obtain a visual impression of the 

behavior of the waves. 

A factor which may Influence the behavior of the 

waves near the bow is that the model used for1 these tests was 

designed with mathematical calculations of wave deformation 

In view, and with little consideration of resistance or wave- 

making. The half-angle of entrance was 33 deg and the bow 

wave was larger than would be generated by a finer form. 

Another consideration Is that a real ship Is free to move 

with the waves, whereas the present tests were made with a 

restrained model. Thus the changes of wave height near the 

bow may well be less under realistic ship conditions than in 

the present tests. However, until the matter has been fur- 

ther investigated, it seems desirable to bear in mind the 

possibility that considerable changes of wave height may 

occur near the bow of a ship moving into a head sea. Such 

changes might seriously affect the accuracy of a ship-borne 
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wave recordei' located at the bow, and the elTect on a Tucker 

wave recorder may also be elgnil'lcant. 

In following üeaü, at the lower speed F = 0,1, the 

ship wao traveling less rapidly than the group velocity ol' 

the waves. The wave height then diminished fairly smoothly 

as the wave passed along the ship from stern to bow, until, 

for X/l. = If   the wave amplitude at the bow was some -jO'/o  of 

that of the Incident wave. The theory predicted 'lO^. 

At the higher sped F = O.j, when the ship speed 

exceeded the wave group velocity, the wave amplitude dimin- 

ished from the bow, until,at the stern for x/l, = 1, it was 

some '10$ of that of the Incident wave, compared with the 

theoretical prediction of 2',$. 

Thus the experiment confirms the theoretical re- 

sult that in following seas the trend of wave height along 

the ship reverses according as the ship speed is greater or 

less than the wave group velocity. 

It is appropriate to discuss, albeit only tenta- 

tively, the implication of the predicted and observed wave 

deformation on the calculation of exciting forces and moments 

on a ship in waves. In the first place, it should be noted 

that the wave deformation which has to be considered in this 

connection is the three-dimensional part, if,, only. The two- 

dimensional part, which Is also included in the experimental 

results, appears in the two-dimensional calculation of ex- 

citing forces by the usual strip method and so Is allowed 

for In such calculations. Considering the zero speed case, 

for which there Is good agreement between Grlm's theory and 

the present experiments. It seems reasonable to suppose that 

the reduction of height as the wave moves aft will lead to a 

reduction In the heaving force, and probably also In the 

pitching moment. It would certainly be desirable to extend 

the three-dimensional computations to arrive at the effect 
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of the  wave deformation on the excUlng forcua, Ilowevei*, it 

may be remarked thai there Is reasonable agreement between 

experimental results Tor exciting forces and values calculated 

by two-dimensional strip theory. It seema not unlikely that 

Introduction of the three-dlmenslonai effect may upset thlu 

agreement and call for further work on the theory. On the 

basis of Grlm's theory und the present experimental results, 

one would expect the three-dimensional effects to reduce the 

exciting forces in following seas even more than those at 

zero speed. However, the force measurements made by Gersten4 

for a model very similar to that used Ln the present tests, 

do not show any large general reduction of heaving force in 

following seas. 

Although the two-dimensional strip theory yields 

good results in many cases, a more complete hydrodynamlc 

solution Is required for a better understanding of such 

matters as the Influence of changes in ship form (especially 

of section shape) on motion, the added resistance in waves, 

and the tendency to slamming or wet decks. 
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CüIICI-U.Mül!.; 

In head seas, the height oi' Uie Incident wave 

diminished by some 20'/' lo  -'10$ as U passed along the length 

of a fully restrained model from bow to stern. In following 

seas, the wave height diminished by some $0%  from stern to 

bow when the ship speed was less than the wave group velocity, 

and from bow to stern when the ship speed was greater than 

the wave group velocity. 

These experimental results are generally In fair' 

agreement with Grlm's theoretical predictions.  However, at 

forward speeds In head seas there are local variations of 

wave height near the bow which are wo',  predicted by the 

theory. 

RECOMMENDATIONS 

Further experiments should be made to examine in 

more detail the behavior of the wave near the bow, both for 

the present model and for a finer model similar to, say, the 

Mariner or Series 60 (0.60 block). In addition to wave 

measurements, movies should be taken to show the behavior of 

the wave (see Discussion of Results, p. 9)• 

Measurements of forces exerted by waves on a ship 

model should be compared with predictions based on Grlm's 

three-dimensional theory. Measurement of pressures at a few 

locations on the bottom of the model would be valuable in 

this connection (see Discussion of Results, p. ll). 

Measurements and computations should also be made 

of the wave deformation caused by a model free to pitch and 

heave. Pressure measurements on the free model would be 

valuable, especially at the location of a Tucker ship-borne 

wave recorder. 
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Consideration should be given to the possibility 

that, if large wave deformatlona exist near the bow of an 

actual ship, they may bedevil the operation of" any ship-borne 

wave recorder utilizing a sensor at the bow (see Discussion 

of Results on p. 9). 
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a. Zero Jpeed   \/L • J 

b. Head Seas   X/L = .75   p = 0.3 

PIG. 2 Test Set-up and Model in Waves 
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FIG. Jla. Positions of Wave Probes 

In Figs. 5-10, the ordlnates represent ihc  ratios 
of the locai wave amplitudes Indicated by the various 
v/ave probes to the amplitude which the wave would have 
if it were not disturbed by the mode.!. 

The abscissae represent the fore-and-aft positions 
of the wave probes relative to the model, whose position 
is shown. 

In each figure the wave travels from right to left. 
The direction of movement of the model is Indicated by 
an arrow. 

The transverse positions of the wave probes are 
indicated thus: . 

o — Line of wave probes l" from model amidships 

t - Line of wave probes 2M from model amidships 

! 

! 

The positions of the wave probes are shown by 
similar symbols In Fig, Jla above. 

Tails on the symbols are useo where necessary to 
distinguish different test runs. 

Curves are drawn as follows; 

   To Indicate trend of experimental results 

To show theoretical values given by Grim: 

H 23 
Two- and three-dimensional 

effects combined 

Three-dimensional effect only 

11 

Fig. 4b.  Explanation of Figures 5-10 
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STERN BOW 

FIGURE 5.   ZERO SPEED 

FOR EXPLANATION SEE FIG, 4b. 
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STERN BOW 

FIGURE 6.   HEAD SEAS 

F=ai 
FOR EXPLANATION SEE FIG. 4b, 
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STERN BOW 

FIGURE 7.   HEAD SEAS 

F=0.3 
FOR EXPLANATION SEE FIG. 4b. 
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FIGURE 9.   FOLLOWING SEAS 

F=0,l 
FOR EXPLANATION SEE FIG. 4b. 
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FIGURE 10.   FOLLOWING SEAS 

F=0.3 
FOR EXPLANATION SEE FIG. 4b. 
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